Understanding the structures of electrochemical interfaces at the atomic level is key to developing efficient electrochemical cells for energy storage and conversion. Spectroscopic techniques have been widely used to investigate the structures and vibrational properties of the interfaces. The interpretation of these spectra is however not straightforward. In this work, density functional theory based molecular dynamics simulations were performed to study the vibrational properties of the Pt(111)-and Au(111)-water interfaces. It was found that specific adsorption of some surface water on Pt(111) leads to partial charge transfer to the metal, and strong hydrogen bonding with neighboring water, which resolves the interpretation of the elusive O-H stretching peak around 3000 cm −1 observed in some experiments.
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Wavenumber (cm Interfacial water plays a vital role in electrochemical processes, and studying its structure is crucial for understanding electrochemical phenomena at the molecular level. A variety of experimental techniques have been developed to study the structure of interfacial water.
The early work with X-ray scattering from Toney and co-workers 1 presented the density distribution of water along the surface normal of Ag(111), and recently, X-ray absorption spectroscopy 2 was employed to characterise the existence of dangling O−H bond at the Au-water interface.
Vibrational spectroscopy (e.g. infrared, Raman and sum frequency generation (SFG))
is better suited to obtain information about the potential-dependent orientation and the degree of hydrogen bonding of interfacial water. Potential-dependent spectra measured from a variety of solid-electrolyte interfaces [3] [4] [5] [6] [7] have been reported, while their interpretation is challenging and can be controversial for some special cases. For example, Iwasita and Xia 
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Similarly, Osawa and co-workers 4 obtained a broad band at ∼3000 cm −1 at Pt-water interface with surface-enhanced infrared absorption spectroscopy in the attenuated total reflection mode (ATR-SEIRAS). The signal of the surface water was extracted by employing the spectra measured from a CO-covered Pt electrode as the reference. Different from the interpretation of Iwasita and Xia, the band at ∼3000 cm −1 was assigned to a strongly hydrogen bonded network between water molecules. This assignment was supported by density functional theory based molecular dynamics (DFTMD) simulations of a gas phase water bilayer model on Pt(111) at 90 K by Meng and co-workers, To further understand the structure of the interfacial water, the H−O−H bending mode δ(HOH) must also be taken into account. Osawa et al. 4 found a δ(HOH) peak of water at 1600 cm −1 along with the emergence of the broad band at ∼3000 cm −1 in the double layer region of the Pt-water interface, which was attributed to the water with partial electron donation to the Pt electrode via the 1b 1 orbital on the oxygen atom. Chemisorption of water molecules on transition metal surfaces can indeed lead to partial charge transfer between the water and surfaces, 9,14-16 and we have recently shown that the partial charge transfer from specifically adsorbed water to Pt(111) contributes by more than 1 eV to the potential drop across the Pt(111)-electrolyte interface at PZC using DFTMD simulations. 17 Another consequence of specific adsorption of water is that the strength of the O−H bond of water will be weakened.
However, this effect has often been overlooked when interpreting water vibrational spectra at interfaces. 4 An exception is the work from the group of Gewirth, 7 who observed a peak at 2970 cm −1 on the Ag(100) surface using SFG, and suggested that it may come from specifically adsorbed water. It was also proposed by Ibach and Lewald 9 that the water peak at 2850 cm −1 measured on Pt(100) in UHV is probably due to a specific, surface induced
In view of the discrepancies in assignments of the peaks at ∼3000 cm −1 in both experiments and calculations, we revisited the Pt(111)-and Au(111)-water interfaces using DFTMD simulations. Complementary to spectroscopic experiment, DFTMD methods have recently been used to study water structure and vibrational properties at solid-liquid interfaces. [18] [19] [20] [21] In this work, DFTMD simulations were performed at 330 K with the freely available CP2K/QUICKSTEP package, 22 and detailed computational setup following our previous work 17, [23] [24] [25] [26] [27] can be found in the Supporting Information. Figure 1 shows a representative structure of the Pt(111)-water interface at the PZC from a DFTMD trajectory.
Following the definitions in our recent publications, 17,23 the water molecules inside the model are divided into three categories, namely, watA, watB and watC, based on their distance to metal surfaces (see populations of surface water in Table S1 and the profiles of water density that are assigned to water strongly adsorbed on metal surfaces in some experimental measurements. 4, 7, 8 Concurrently, the δ(HOH) of watA shows a red-shift to 1600 cm −1 , as would be expected from specific adsorption of watA. The red-shift of δ(HOH) was also observed experimentally on Pt, and a similar explanation of Pt-OH 2 charge transfer was proposed. 4 In contrast, no noticeable shift of the ν(O-H) of the surface water (watA and watB combined) Au and Pt must be due to the fact that water binds much more weakly to the Au surface than to Pt.
5,6,30
To confirm the charge transfer effect on the vibrational frequency of watA, we calculated a water monomer adsorbed on the top site of Pt (111) surface (see Figure S4 in the Supporting Information) and in the gas phase for comparison. Our previous study 23 has shown that the structure of watA at the interface is indeed similar to the preferred configuration of water monomer on Pt(111), and therefore it should be informative to investigate the charge transfer effect of water monomer, thereby excluding the effect of hydrogen bonding. As expected,
we observed a fraction of electron on the water monomer is transferred to the metal surface, which induces elongation of the O−H bonds compared to water in the gas phase. Note also that the δ(HOH) is red-shifted by 34 cm −1 due to the surface adsorption (see Table 1 As for watB, we can see from Figure 2 that the ν(O−H) at the Pt(111)-water interface is very similar to 'bulk' reference watC that indeed corresponds to liquid-like water as interpreted in experiment. 6, 30 As watA is indistinguishable from watB at the Au(111)-water interface, the ν(O−H) of all the surface water was calculated and also found close to that of watC. While, the corresponding δ(HOH) on both metal surfaces were red-shifted, in particular, by ∼50 cm −1 for watB on Pt. As indicated in charge analysis above, charge transfer effects for watB on Pt and surface water on Au are much smaller than that of watA on Pt, which is also consistent with the finding that their hydrogen bond distances D O−O are only slightly decreased (see Table 2 ). We therefore regard the charge transfer effects as small on the vibrational modes of watB on Pt and surface water on Au. More important is the structure of hydrogen bonding. As listed in Table 2 , the number of hydrogen bond donors (N donor ) are considerably decreased, from 1.91 to 1.38 for watB on Pt(111), to which the red-shift in δ(HOH) can be attributable. Note that the effect of reduced hydrogen bonding can be compensated by the small charge transfer effect, giving rise to hardly altered ν(O−H)
on Pt.
Finally, we present the following assignments of the peaks often observed in the vibrational spectra of interfacial water on Pt, based on the structure of surface water on Pt (111) at PZC proposed in our recent publication, 23 as illustrated in Figure 3 . Part of the highest occupied molecular orbital (HOMO) was clearly made from the 1b 1 orbital of watA, indicating chemisorption of the watA on Pt. We assign the peaks at ∼3000 cm −1 observed in giving rise to the siginficantly red-shifted peaks. The angle between the molecular plane of watA and Pt(111) surface is ∼30
• at PZC. This suggests that, although not prohibited in IRRAS, ATR-SEIRAS or SFG by the surface selection rule, the intensity of this vibrational mode would be predictably small, and in some cases it may not even be observed due to the strong noise from the bulk water. We attribute the peaks at ∼3400 cm −1 often observed at metal-water interfaces 6, 7 to the watB molecules. They hardly interact with metal surfaces electronically, while the degree of hydrogen bonding decreases in the vicinity of the surfaces.
In conclusion, according to DFTMD simulations, we propose that the controversial peak at ∼3000 cm −1 often observed in vibrational spectra of the Pt(111)-electrolyte interface corresponds to some specifically adsorbed water, and that the significant red-shift, as compared to bulk water, is due to the combined effects of charge transfer and strong O−H...O hydrogen bonds. This assignment provides new chemical insight into the interpretation of vibrational spectra of interface water and molecular level understanding of electrochemical interfaces. 
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